Whereas amphibians regenerate lost appendages spontaneously, mammals generally form scars over the injury site through the process of wound repair. The MRL mouse strain is an exception among mammals because it shows a spontaneous regenerative healing trait and so can be used to investigate proregenerative interventions in mammals. We report that hypoxia-inducible factor 1a (HIF-1a) is a central molecule in the process of regeneration in adult MRL mice. The degradation of HIF-1a protein, which occurs under normoxic conditions, is mediated by prolyl hydroxylases (PHDs). We used the drug 1,4-dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA), a PHD inhibitor, to stabilize constitutive expression of HIF-1a protein. A locally injectable hydrogel containing 1,4-DPCA was designed to achieve controlled delivery of the drug over 4 to 10 days. Subcutaneous injection of the 1,4-DPCA/ hydrogel into Swiss Webster mice that do not show a regenerative phenotype increased stable expression of HIF1a protein over 5 days, providing a functional measure of drug release in vivo. Multiple peripheral subcutaneous injections of the 1,4-DPCA/hydrogel over a 10-day period led to regenerative wound healing in Swiss Webster mice after ear hole punch injury. Increased expression of the HIF-1a protein may provide a starting point for future studies on regeneration in mammals.
INTRODUCTION
Wound repair and regeneration are two separate biological processes by which organisms heal wounds (1) . There are several models of regeneration in mammals including ear hole closure in rabbits (2, 3) , in the inbred mouse strains MRL/MpJ and LG/J (4, 5) , and in other mutant mouse strains (6) (7) (8) (9) (10) . These models show similarities to limb regeneration in amphibians (11, 12) including the replacement of cartilage (4, 13, 14) and the lack of scarring (4, 15, 16) . Other less well-known classical regenerative phenotypes, not seen during wound repair, have been observed in the ear injury model of the MRL (Murphy Roths Large) mouse. The MRL mouse is an inbred strain with a genetic background comprising 75% LG (Large) and a 25% mixture of AKR, C3H, and C57BL/6 (4, 5) . Regeneration in the MRL mouse includes rapid re-epithelialization, enhanced tissue remodeling, basement membrane breakdown, and blastema growth and redifferentiation (4, 15) . Inflammation is now considered a key factor in regenerative processes (17) (18) (19) (20) (21) (22) . The role of inflammation in ear hole closure has been demonstrated in mice with an acute inflammatory reactivity (AIR) phenotype, which have the ability to close holes made in their ear pinnae (23) . A further characteristic of adult MRL mice is their ability to use aerobic glycolysis for normal metabolism, which may contribute to the regenerative response (24) . This metabolic state contributes to inflammation, with glycolysis playing an important role in the migration and activity of inflammatory cells (25, 26) . The protein hypoxia-inducible factor1a (HIF-1a) is a central node in all of these processes and could be important in ear hole closure in MRL mice.
HIF-1a is an oxygen-regulated protein that functions as part of a heterodimeric complex, which it forms with HIF-1b in the nucleus. This complex binds to DNA at specific promoter or enhancer sites [hypoxia response elements (HREs)], resulting in transcriptional regulation of more than 100 gene products (27, 28) . These include molecules of interest in regenerative processes such as angiogenesis, which is induced by vascular endothelial growth factor (VEGF), VEGF receptor-1 (VEGFR-1), platelet-derived growth factor (PDGF), and erythropoietin (EPO). Other processes involved in regeneration include tissue remodeling, which is induced by urokinase-type plasminogen activator receptor (uPAR), matrix metalloproteinase 2 (MMP2), MMP9, and tissue inhibitors of metalloproteinase (TIMPs), and glycolytic metabolism induced by lactate dehydrogenase (LDH), which converts pyruvate into lactate and pyruvate dehydrogenase kinase (PDK), which blocks the entry of pyruvate into the tricarboxylic acid (TCA) cycle. HIF-1a protein is generally short-lived in the cytoplasm because, under normoxic conditions, it is continually being hydroxylated by prolyl hydroxylases (PHDs) and then is bound by the von Hippel-Lindau tumor suppressor protein (pVHL) and the recently identified SAG/ROC/RBX2 E3 ubiquitin ligase complex, which targets HIF-1a protein for proteolysis (29) . Under low-oxygen conditions, hydroxylation is inhibited, and HIF-1a protein survives and is translocated to the nucleus where it binds to HIF-1b and acts as a transcription factor, binding to the appropriate DNA elements or HREs (30) .
The stabilization of HIF-1a protein can be accomplished through inhibition of PHDs, molecules that are also actively involved in collagen secretion and cross-linking. PHDs control collagen deposition in fibrosis, the response to ischemia, and wound repair (31) (32) (33) (34) (35) (36) . Considering the negative impact of scar formation on regeneration, inhibition of PHDs could have a two-fold effect: stabilization of HIF-1a and downregulation of scarring. In a chronic diabetic wound repair mouse model, the use of compounds that inhibit PHDs, when applied locally to a wound, can accelerate wound repair in the presence of increased vascularity and granulation tissue that is rich in collagen and other extracellular matrix components (37, 38) .
Here, we show that there is increased HIF-1a protein expression in MRL mice after wounding compared to C57BL/6 (B6) mice that do not show a regenerative phenotype. A small interfering RNA (siRNA) against HIF-1a (siHif1a) blocked regeneration in MRL mice after wounding. In another nonregenerative Swiss Webster mouse strain, administering the PHD inhibitor 1,4-DPCA (1,4-dihydrophenonthrolin-4-one-3-carboxylic acid), which stabilizes HIF-1a protein (39, 40) , induced regenerative wound healing in these animals.
RESULTS

HIF-1a protein overexpression in MRL mice
After wounding of the ear pinnae of MRL and B6 mice (Fig. 1A) , HIF1a protein expression was measured by immunohistochemistry and Western blot analysis (Fig. 1 , B to D and table S3). Higher HIF-1a expression Fig. 1 . HIF-1a protein is required for the regenerative response of the MRL mouse. (A) Schematic shows ear punch injury, and images show resulting histological sections and processed tissue samples. (B to F) HIF1a protein expression in MRL and B6 mice before and after ear wounding. (B) Pooled ear hole donuts (n = 4) were processed for HIF-1a Western blot analysis with Coomassie blue-stained protein (seen as red with the Odyssey Classic Infrared Imaging System) as a loading control; N = 2 experiments. (C) Ear tissue was used for HIF-1a immunostaining (green; arrows show epidermal HIF-1a expression and arrowheads show dermal HIF-1a expression). Scale bar, 0.1 mm. (D) Multiple ear tissue samples for each time point after injury (n = 3 to 7 samples, N = 2 experiments) were quantitatively analyzed for MRL and B6 mice on day 7 (*P < 0.05) and on days 3 and 10 (**P < 0.01). (E) Further confirmation of HIF-1a expression was carried out in MRL and B6 mice backcrossed (BC4) to transgenic HIF-1a peptideluciferase reporter mice. MRL.HIF-luc and B6.HIF-luc mice showed luciferase activity as measured by bioluminescence. This is seen as red for the highest bioluminescent activity and blue for the lowest activity. Arrowheads indicate ear bioluminescence; asterisks indicate body bioluminescence. (F) IVIS (in vivo imaging system, Perkin Elmer), a small animal bioluminescence detector, measured photon number in steradians (a unit of measure based on a solid angle) on days 0 and 7 in the healing ear and whole MRL cross mouse (red) and in the wounded ear and whole B6 cross mouse (blue); data are expressed as photons per second per square centimeter per steradian (p
). Panel (E) shows one representative mouse per group as an example of a set of multiple experiments with n = 5 mice per group. In (F), the total number of photons detected in each of the mice from (E) is shown. (G and H) HIF-1a expression is required during MRL ear hole closure. (G) Treatment with Hif1a siRNA (siHif1a) blocked Hif1a mRNA expression in vitro in MRL mouse ear fibroblasts (n = 3 replicates); Gapdh is the loading control (N = 2 experiments). (H) Treatment of MRL.HIF-luc mice after ear punching with siHif1a_3 in vivo. Mice were injected subcutaneously with either JETPEIsiHif1a_3 mixture at days 0 to 20 after injury (15 mg per mouse; green) or phosphate-buffered saline (PBS; red). (a) Ear hole closure was blocked on day 28; **P < 0.001, Student's t test (n = 4 ears per group, N = 2 experiments). (b) HIF-1a was determined by bioluminescence (dorsal and ventral) in reporter mice treated with siHif1a_3. (c) Number of photons detected on day 14 in the whole mouse (n = 2) or injured ear; *P < 0.05, Student's t test (n = 4 ear samples per group) for siHif1a_3 compared to control (N = 2 experiments).
was observed in MRL mouse tissue after injury with peak expression at day 7. For longitudinal studies, HIF-1a reporter mice were created by backcrossing MRL and B6 mice to a transgenic HIF-1a peptideluciferase reporter mouse [FVB.129S6-Gt(ROSA)26S]; the transgene construct used was made by fusing luciferase to the domain of HIF1a that binds to pVHL in an oxygen-dependent way (41) . The MRL. HIF-luc mice showed higher luciferase activity, which was a correlate of HIF-1a protein expression, compared to B6.HIF-luc mice both before injury in the liver and after injury in the ear (Fig. 1, E and F) .
Inhibition of ear hole closure in MRL mice by blocking HIF-1a The requirement for increased HIF-1a protein expression in ear hole closure was demonstrated using Hif1a siRNA. Treatment of earderived fibroblasts in vitro with a panel of Hif1a siRNAs showed that one of four tested siRNAs (siHif1a_3) could completely inhibit constitutive Hif1a mRNA expression in MRL fibroblasts (Fig. 1G ) and in fibroblasts from B6 and Swiss Webster mice ( fig. S1) . Next, siHif1a_3 was tested in vivo in MRL.HIF-luc backcross mice for its effect on HIF-1a expression and ear hole closure. Previous studies determined that a hole size of 0 to 0.4 mm in diameter 30 days after injury represented a regenerative response in MRL mice; a 30-day hole size of 1.2 to 1.6 mm in diameter represented wound repair with scar tissue formation and lack of regeneration in B6 mice (4, 42) . Ear hole closure ( Fig. 1H and table S3 ) was blocked by treatment with siHif1a_3 in the MRL.HIF-luc backcross mice (Fig. 1Ha) . HIF-1a expression determined by bioluminescence was reduced in MRL reporter mice both in the ear and throughout the body (Fig.1H, b and c) .
Stabilization of HIF-1a protein in vitro with a hydrogel loaded with 1,4-DPCA The compound 1,4-DPCA has been reported to be a potent inhibitor of PHDs and factors inhibiting HIF both in vitro and in vivo. Rats given this compound showed inhibition of collagen hydroxylation and a reduction in collagen deposition (33) . By blocking PHDs, 1,4-DPCA stabilizes HIF-1a protein (40) (Fig. 2A) . As a delivery system for 1,4-DPCA, we created a polymer hydrogel composed of a crosslinked network of polyethylene glycol molecules that was capable of rapid in situ gel formation from a liquid precursor. This hydrogel system was chosen as the delivery vehicle because of its rapid gelation under physiological conditions, its biocompatibility, and other favorable properties for in vivo use (39) . Drug-loaded hydrogels were formed by suspending polymer-stabilized 1,4-DPCA microcrystals in an aqueous mixture of the hydrogel precursors P8Cys and P8NHS (Fig. 2B) , which solidified rapidly to entrap the drug microcrystals within the hydrogel (Fig. 2C ). In vitro drug release studies demonstrated the delivery of 1,4-DPCA from the hydrogel over several days (Fig. 2, D and E). Because 1,4-DPCA is a poorly soluble drug, crystals were surface-modified with F127 polymer to aid in homogeneous Fibroblasts from B6 mice cultured with this drug/hydrogel combination (G d ) for 24 hours showed increased expression of HIF-1a, but not HIF-2a, protein in both the cytoplasm and nucleus as determined by immunohistochemistry (Fig. 3A) and Western blot analysis (Fig. 3B ) when compared to cells incubated with either gel alone (G 0 ) or no drug/no gel (Nor.). To determine activation of HIF-1a target gene transcription, we performed reverse transcription polymerase chain reaction (RT-PCR) analysis of mRNA from treated B6 cells. Analysis revealed that the expression of multiple target genes was specifically increased by 1,4-DPCA including the proangiogenic target genes Vegfa and Hmox1 and proglycolytic targets Ldh-a, Pgk1, Pdk1, and Glut1 (Fig. 3C) . Furthermore, the expression of all of these genes was blocked by treatment with siHif1a_3 ( fig. S3 ).
The effect of the 1,4-DPCA drug/hydrogel in vivo in Swiss Webster mice To test the drug/hydrogel combination in vivo, we used Swiss Webster mice that do not show a regenerative phenotype. An initial attempt to directly apply gel to the ear hole injury site in these mice failed because it could not be maintained on the wound. Thus, the drug/hydrogel was injected subcutaneously at the back of the neck, distal to the wound to attempt to achieve a pharmacological effect. The kinetics of effectiveness of the drug/hydrogel in the injured ear were examined to determine how often reinjection would be necessary. After ear hole punching, a single injection (100 ml) of hydrogel containing drug at either 2 mg/ml (G d ) or 0 mg/ml (gel alone, G 0 ) was given, and these Swiss Webster mouse groups were compared to an uninjected group. Ear tissue was harvested daily for 5 days (Fig. 3D ). The effect of 1,4-DPCA on HIF-1a protein expression in ear tissue was determined by Western blot analysis ( Fig. 3E ) and by immunohistochemistry (Fig. 3 , F and G and table S4). HIF-1a expression increased on day 1, becoming maximal on days 3 to 4 after injection. The expression of multiple genes was increased by the 1,4 DPCA/gel treatment, including proangiogenic target genes Vegf and Hmox1, and proglycolytic targets Ldh-a, Pgk, Pdk1, and Glut1. Gapdh and 18S ribosomal RNA were used as internal controls for all RT-PCR reactions (N = 3). (D to G) Swiss Webster mice were treated with a single injection of drug/gel on day 0, the day of injury, and ear tissue was harvested everyday for 5 days and was tested for HIF-1a up-regulation. (D) Schematic illustrates the in vivo treatment schedule. Swiss Webster mice were ear-punched and injected several hours later in the back of the neck with either gel alone (G 0 ) or drug/gel (G d ). Ear donut tissue was collected for protein and immunohistochemical (IHC) analysis on days 1 to 5. In (E), hole donuts (n = 6) were processed, and Western blot analysis was carried out using antibody to HIF-1a (green) and Coomassie-stained samples as loading controls (red) (N = 3). (F) Immunostaining of ear tissue with anti-HIF-1a antibody (green) and 4′,6-diamidino-2-phenylindole (DAPI) counterstain (blue). (G) Immunohistochemical quantitation for G 0 (blue) and G d (red) tissue showed nonoverlapping differences at all time points (n = 2 per treatment group, N = 2 experiments).
Induction of a regenerative response in Swiss Webster mice by multiple injections of drug/hydrogel Day 7 after injury was the approximate peak of HIF-1a protein expression in MRL mice, and HIF-1a protein was still elevated in MRL mice on day 14 (Fig. 1D) . Therefore, multiple injections of drug/hydrogel were administered to Swiss Webster mice to achieve MRL-like HIF-1a protein expression kinetics. Because a single injection of drug/hydrogel had an effect on HIF-1a expression through day 5, drug/gel or gel alone was injected subcutaneously on days 0, 5, and 10 into three adjacent sites in the back of the neck (Fig. 4A) . Complete ear hole closure (Fig. 4 , B and C and table S5) was achieved with multiple injections of drug (2 mg/ml)/gel (G d ), with ongoing ear hole closure occurring up to day 35. Furthermore, Western blot analysis (Fig. 4D) showed that although HIF-1a expression was slightly increased in Swiss Webster mice treated with gel alone on day 7 after injury, it was markedly increased in mice treated with drug (2 mg/ml)/gel, similar to what was seen in MRL mice (Fig. 1B) . In contrast, HIF-2a expression was barely affected by 1,4-DPCA treatment in the Swiss Webster mice (Fig. 4D) , consistent with in vitro experiments ( fig. S4 ). Next, we tested the effects of drug/gel treatment on more distal sites. Mice were injected subcutaneously with drug/gel (on days 0, 5, and 10 after injury) into the left and right rear flank regions ( fig. S5A ). Only partial ear hole closure ( fig. S5B ) was achieved at 2 mg/ml, and no closure was observed with drug (1 mg/ml)/gel. We also examined the long-term effects of treatment with drug/gel or gel alone; no histopathological effects or weight changes were seen up to 3 months after treatment ( fig. S5C ). Finally, Swiss Webster mice were injected three times with drug (2 mg/ml)/gel at the back of the neck and were simultaneously injected with siHif1a_3 every other day for 20 days beginning on day 0 after injury. Ear hole closure induced by 1,4-DPCA/gel on days 14 and 21 was blocked by siHif1a (P < 0.0001), indicating that HIF-1a expression induced by the drug/gel contributed to the healing effect ( Fig. 4E and table S5) .
A potential role for HIF-1a in the regenerative response We previously showed that the stem cell markers NANOG and SOX2 were up-regulated in regeneration-competent adult MRL mice (24) and that ear-derived fibroblasts from MRL mice in culture displayed multiple stem cell markers not expressed by ear-derived fibroblasts from B6 mice. Fibroblasts from MRL mice (Fig. 5A , first row) stained positive for HIF-1a expression and for a suite of immature cell markers including NANOG. Ear fibroblasts from B6 mice (Fig. 5A , second row) stained negative for HIF-1a expression and immature cell markers, although rare positive staining was seen in dividing cells. However, B6 mouse ear fibroblasts treated in vitro with 1,4-DPCA/gel for 24 hours (Fig. 5A, third row) stained positive for HIF-1a expression as well as for the immature cell markers, displaying both cytoplasmic and nuclear staining that was indistinguishable from that for MRL mouse ear fibroblasts. These results were confirmed by quantitative PCR (qPCR), which showed significant differences between B6 mouse ear fibroblasts treated with drug/gel versus no gel (Fig. 5B and table S6 ) (P NANOG = 0.0004; P OCT3/4 = 0.0071). To address the effects of blocking HIF1a expression on stem cell marker expression, we treated NANOGpositive MRL mouse ear-derived fibroblasts with siHif1a (Fig. 5C) ; the fibroblasts showed almost complete suppression of NANOG. Similarly, after siHif1a treatment, B6 mouse ear-derived fibroblasts that had been treated with 1,4-DPCA in vitro to induce marker expression showed suppression of these markers ( fig. S3) .
Very early and rapid re-epithelialization is a feature that distinguishes regeneration from wound repair (43) . In the amphibian, reepithelialization is complete within the first 12 hours after injury. Re-epithelialization after ear hole injury in MRL mice occurred between 1 and 2 days after injury, but not until as late as 5 to 10 days after injury in the nonregenerating B6 and other mouse strains (4, 16) . Swiss Webster mice treated with drug/gel showed re-epithelialization by day 2 after injury, in contrast to mice treated with gel only (Fig. 6A,   a and b) . HIF-1a expression in Swiss Webster mouse ear epidermis was seen on day 1, followed by WNT5a expression on day 2 (Fig. 6A,  c to f) , similar to what was observed in drug-treated ear-derived fibroblasts in vitro (Fig. 6A, g to i) . Paralleling the response in vitro (Fig. 5A) , cellular dedifferentiation was also seen in vivo after a single injection of 1,4-DPCA drug/gel into Swiss Webster mice (Fig. 6B, a and b) . Expression of the stem cell markers NESTIN, OCT3/4, neurofilament, and PAX7 was detected by immunohistochemistry (Fig. 6B, c to f) and qPCR (Fig. 6Bg) and peaked at days 4 to 5 after injury in Swiss Webster mice receiving the drug/gel.
Expression of laminin, a major component of the basement membrane, was reduced in Swiss Webster mouse ear tissue after 1,4-DPCA/gel treatment (Fig. 6C, a and b) , and laminin expression was absent from the epithelial-mesenchymal border. Expression of MMP9, a major protease involved in laminin breakdown, increased after drug treatment (Fig. 6Cc) , along with markers for inflammatory cells that have been associated with tissue remodeling, such as the neutrophil markers myeloperoxidase (MPO) and Ly6G (Fig. 6C, d and e) and mast cell markers ( fig. S6 ). Next, we examined scar formation after drug/gel treatment of Swiss Webster mice using staining with picrosirius red (a marker of collagen cross-linking). Scar formation was reduced after drug/gel treatment but was restored after treatment of the mice with siHif1a (Fig. 6D, a to d and table S7 ). In addition to reduced PHD function after 1,4-DPCA/gel treatment, the expression of lysyl oxidaselike 4 (Loxl4) and connective tissue growth factor (Ctgf), elements of scar tissue formation, was also reduced by drug/gel treatment as shown by qPCR in ear tissue from Swiss Webster mice (Fig. 6De) .
Finally, blastema growth and redifferentiation including chondrogenesis and hair follicle growth, which are generally considered later events in the regenerative process, were also affected by 1,4-DPCA/gel treatment. A major difference in ear hole size with accompanying chondrogenesis and appearance of hair follicles (Fig. 6E , a to h and table S7) was apparent by day 35 after drug/gel treatment of Swiss Webster mice. Differences in inward tissue growth were seen (Fig.  6Ec) as well as changes at the end of the cartilage at the site of the original punch margin (Fig. 6E, e to h and table S7 ), which showed new chondrogenesis. Furthermore, expression of the chondrogenesisassociated genes Mgp, Itm2a, Matn3, Mia2, Col11a1, Prg4, Fmod, and Chad was up-regulated on day 21 after injury in Swiss Webster mice treated with drug/gel (Fig. 6Ed and table S7 ). In addition, hair follicles expressing keratin 14 were found in ear tissue from drug/gel-treated but not in ear tissue from gel only-treated mice, with keratin 14 expression similar to that found for normal ear tissue (Fig. 6E, j and k and table  S7) . Expression of the genes S100a4, Wif1, Dkk3, Dcn, and Tgfb2 in the growing hair follicle bulge region was also increased in drug/gel-treated but not in gel-treated Swiss Webster mice (Fig. 6Ei and table S7 ).
DISCUSSION
Following its discovery (27) , there has been a growing recognition that HIF-1a is a master regulator of cellular processes including regulation of oxygen concentrations, aerobic glycolysis, cell migration, and inflammation. Our study suggests that another role for HIF-1a is in mammalian tissue regeneration. Given the role of HIF-1a in cellular processes that distinguish tissue regeneration from scar formation, we explored the role of HIF-1a in regenerative wound healing in the MRL mouse. The MRL mouse strain uses aerobic glycolysis as its basal metabolic state (24) and is able to regenerate many tissue types after injury. Furthermore, a recent genetic mapping study shows that RNF7, an E3 ligase necessary for HIF-1a ubiquitination, is associated with ear hole regeneration in LG/J mice. Expression of Rnf7 is downregulated in both MRL and LG/J mice (an MRL mouse parental strain contributing 75% of the MRL genome), resulting in a predicted increase in HIF-1a expression (44) . Here, we show that HIF-1a is upregulated in unwounded MRL mice compared to B6 and Swiss Webster mice. Expression of HIF-1a was further increased in MRL mice after wounding (ear hole punching). Treatment of MRL mice after injury with siHif1a, which blocked HIF-1a expression, inhibited ear hole closure. To determine the effects of increased HIF-1a expression in Swiss Webster mice that do not have a regenerative phenotype, we subcutaneously injected these animals with the HIF-1a-stabilizing drug 1,4-DPCA in a hydrogel (39) . Administering the drug/gel subcutaneously both proximal and distal to the ear wound sites resulted in accelerated ear hole closure. As in MRL mice, siHif1a treatment blocked this drug-induced regenerative response, supporting the notion that up-regulation of HIF-1a in mice is sufficient to lead to a regenerative response in ear pinnae after wounding.
Formulating the 1,4-DPCA drug in a hydrogel enabled slow delivery of the drug over 4 to 10 days, depending on the gel formulation and drug dose. Treatment of mice with the drug/gel increased HIF1a protein expression for up to 5 days. Trapping microcrystals of the drug within a hydrogel avoided potential cytotoxicity associated with direct uptake of drug crystals by cells. In terms of specificity, 1,4-DPCA interacted with and blocked PHD function and increased HIF-1a expression. We showed that the drug did not affect the expression of HIF-2a (also regulated by PHDs) in either fibroblasts or endothelial cells ( fig. S4 ) and that HIF-2a expression was not affected in ear tissue after drug/gel treatment.
Central to limb regeneration in amphibians is the blastema. The blastema is a tissue structure seen in the developing embryo and in regenerating tissue that is made up of a mass of undifferentiated pluripotent cells that can proliferate and then produce a copy of the lost structure (12, 45) . The process starts with rapid coverage of the wound by epithelial cells (re-epithelialization), which occurs in the absence of a basement membrane potentially due to increased MMP protease activity (46, 47) . Reforming the basement membrane in regenerating amphibian limbs after retinoic acid treatment leads to scarring and lack of blastema growth (48, 49) . In the next step of blastema growth, nondividing mesenchymal cells migrate under the new epidermis as the accumulation blastema and then divide, resulting in tissue elongation and expansion; the cells finally redifferentiate into the lost appendage (50) .
HIF-1a-regulated ear hole closure in MRL mice and drug-treated Swiss Webster mice appears to go through a process that has some of the hallmarks of the blastema and its formation. HIF-1a is most highly expressed in the early phase of the regenerative response in which cells are migratory, nonproliferative, and dedifferentiated. This is consistent with up-regulation of molecules such as WNT5a, involved in cell migration (51) (52) (53) , and NANOG and OCT3/4, which are markers of pluripotent stem cells, oocytes, and the early embryo (54, 55) . Development of the embryo occurs under low-oxygen conditions, resulting in increased expression of HIF-1a, morphogenesis (56) , and increased stem cell marker expression (57, 58) .
MRL mouse ear tissue showed unusual expression of a range of diverse stem cell markers both in vitro and in vivo, including NANOG, SOX2, OCT3/4, CD34, and CD133. NESTIN is a neuronal stem and progenitor cell marker, PAX7 is a satellite muscle-associated stem cell marker, WNT5a is an early marker involved in migration, and PREF1 or DLK1 is a preadipocyte/hepatocyte stem cell marker. Expression of these molecules was not observed in ear tissue of B6 or Swiss Webster mice. HIF-1a stabilization by the drug 1,4-DPCA led to an increase in expression of all of these differentiation markers in Swiss Webster and B6 mouse fibroblasts, although only transiently. Treatment with siHif1a blocked NANOG expression in MRL mouse ear fibroblasts, suggesting that the expression of this marker is due to increased HIF-1a. In addition to a hypoxic environment and elevated HIF-1a, pluripotent embryonic stem cells maintain a glycolytic metabolic state (59) . Adult quiescent mesenchymal and hematopoietic stem cells also may utilize glycolytic metabolism (59, 60) like in adult MRL mice (24) , other animal models of regeneration (61, 62) , and some examples of surgical wounds (63) . Surprisingly, HIF-2a expression, reported to modulate expression of NANOG and OCT3/4 (64), does not increase during ear hole closure; however, a recent study shows that other factors such as miR-302 can also regulate expression of OCT3/4 (65) .
HIF-1a regulates MMPs, which in turn degrade extracellular matrix including laminin and basement membrane remodeling proteins. Like MRL mice (15, 16) , Swiss Webster mice treated with the drug 1,4-DPCA (a PHD inhibitor) show increased MMP9 expression and a vanishing basement membrane (Fig. 6C, a and b) . A second regenerationpromoting effect of 1,4-DPCA is collagen hydroxylation, leading to reduced scarring and increased collagen degradation (33, 40, 66, 67) . MRL mice and 1,4-DPCA-treated Swiss Webster mice also show reduced expression of scar-associated markers Loxl4 and Ctgf (17, 68) ; in contrast, hypoxia-induced remodeling molecules are increased, including lysyl oxidase (69) and collagen prolyl (P4HA1,2) and lysyl (PLOD2) hydroxylases. These molecules are also regulated by HIF-1a and result in increased extracellular matrix stiffness and alignment (70) , indicating that hypoxia may mediate tissue component structure beyond a specific HIF-1a effect (see fig. S4 ).
In MRL mice, elastic and articular cartilage formation begins at about 1 month after injury and can be fully regenerated by 3 to 4 months after injury (13, 14) . With 1,4-DPCA treatment of Swiss Webster mice after ear hole punch injury, the new growth area shows chondrogenesis by day 35, with up-regulation of multiple chondrogenesis markers including those found in chondrogenic precursor cells (71) (72) (73) (74) and in cartilage extracellular matrix (75, 76) . Hair follicle formation was also found in the new growth area at a level seen in normal tissue, and multiple markers of bulge-derived keratinocyte stem cells (77) and epithelial sac cells involved in regeneration were also expressed in drug-treated Swiss Webster mice (78) . Together, our data demonstrate that spontaneous regeneration in MRL mice with ear hole punch injury can be mimicked in nonregenerating Swiss Webster mice by treatment with the drug 1,4-DPCA/hydrogel, which stabilizes HIF-1a, indicating that HIF-1a is a regulator of mammalian regeneration in vivo. However, a key limitation of this study is that it remains untested whether modulating HIF-1a expression in other mammals and in humans will induce a regenerative healing response to wounds. Finally, whereas the ear hole punch model has proven to be a reliable proxy for wound healing studies in multiple tissues in regenerating and nonregenerating mice, future HIF-1a modulation studies will be required to generalize these findings to other tissue injury sites.
MATERIALS AND METHODS
Study design
We used inbred mouse strains to study the effect of a small-molecule inhibitor of PHDs on the in vitro and in vivo expression of HIF-1a and the impact on quantitative regenerative ear hole closure (4, 42) . In animal studies, 2.1-mm ear hole punch wounds were created in ear pinnae, and a 1,4-DPCA-containing hydrogel was subcutaneously implanted in the back of the neck of the wounded mice at multiple time points. Healing was monitored by measuring hole diameters. End points of the study were previously determined to be 30+ days after injury (4, 15, 24, 42) and included key indices of tissue regeneration such as blastema formation and epithelial, dermal, and cartilaginous wound closure with hair follicle replacement plus expression of multiple molecular markers of cellular dedifferentiation, redifferentiation, and stem cell state. These parameters were determined by physical measurements of wound closure, standard tissue histology and histomorphometry, and gene expression using quantitative immunohistochemistry, Western blot analysis, and qPCR. The experimental groups were coded, and different laboratory personnel were involved in doing ear wounding, injections, phenotyping, and data analysis.
Animals and in vivo procedures
MRL/MpJ and HIF-1a::ODD-luciferase reporter [FVB.129S6-Gt(RO-SA)26Sortm2(HIF1A/luc)Kael/J] mice were obtained from The Jackson Laboratory; C57BL/6 mice were from Taconic Laboratories; Swiss Webster mice were from Charles River. Mice were used at about 8 to 10 weeks of age in all experiments under standard conditions at the Wistar Institute Animal Facility, and the protocols were in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Through-and-through ear hole punches were carried out as previously described (4), and each ear hole diameter was measured in the direction of the ear pinna long axis and then the perpendicular axis.
IVIS luciferase scanning
To detect luciferase expression in vivo, mice were given a single intraperitoneal injection of D-luciferin (37.5 mg/kg, Gold Biotechnology Inc.) in sterile water. Fifteen minutes later, mice were anesthetized using isoflurane and placed in a light-tight chamber equipped with a charge-coupled device IVIS imaging camera (Xenogen). Photons were collected for a period of 1 to 5 min, and images were obtained by using Living Image software (Xenogen) and IGOR image analysis software (WaveMetrics). HIF-1a ODD luc expression after ear punching was determined in MRL and B6 mice backcrossed to the transgenic HIF-1a peptide-luciferase reporter mouse FVB.129S6-Gt(ROSA)26S, made by fusing luciferase to the domain of HIF-1a that binds to pVHL in an oxygendependent way (ODD peptide) and selected for luciferase positivity.
Hif1a siRNA transfection in vitro and in vivo B6, Swiss Webster, and MRL mouse ear fibroblast-like cells at 70% of confluence were transfected with 100 nM of four different Hif1a siRNAs (SI00193025, SI00193032, Sl00193011, and SI00193018; purchased from Qiagen) and scramble siRNA (sc-37007, Santa Cruz Biotechnology), using Lipofectamine 2000 according to the manufacturer's protocol. Transfected cells were examined for knockdown efficiency after 48 hours of transfection. siRNA Mm_Hif1a_3 (SI00193025) was selected for the in vitro experiments because of its high efficiency. In vivo, siRNA Mm_Hif1a_3 was used for HIF-1a inhibition. SiHif at 75 mg/kg was mixed with Jetpei (Polyplus, Genycell) following the manufacturer's instructions and was then injected into animals subcutaneously every 48 hours.
In vivo hydrogel injection Swiss Webster mice were injected subcutaneously at the base of the neck with 100 ml of 10% (w/v) 1:1 (w/w) ratio of P8Cys (with or without 1,4-DPCA drug crystal) to P8NHS hydrogel prepared in PBS (Fig.  2B and Supplementary Materials). Each component was kept cold and mixed just before injection. At different time points, mice were euthanized and tissues were removed for protein and RNA analysis.
Statistical analysis
All experiments were repeated multiple times (N). The data represent pooled samples for Western blot analysis and qPCR, and individual samples in healing studies and tissue analysis (n) as indicated in the figure legends. All experiments used inbred mouse strains reducing individual-to-individual variation. Student's t test was carried out to compare differences of means from independent samples between two groups. The ANOVA test was performed to determine if there were significant differences among the means of more than two groups. If the P value from ANOVA analysis was significant, then the post hoc Tukey test was applied to compare the mean between each group. P values ≤0.05 were considered significant, and P values ≤0.01 were considered highly significant. All error bars shown on the graphs represent SEs, except in Fig. 2 where SD is used. The software used for the ANOVA analysis and the post hoc Tukey test is R version 2.14.1. All other statistical analyses were done using Microsoft Excel 2010.
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